Abstract When non-native species are introduced into a new range, their parasites can also be introduced, with these potentially spilling-over into native hosts. However, in general, evidence suggests that a high proportion of their native parasites are lost during introduction and infections by some new parasites from the native range might occur, potentially resulting in parasite spill-back to native species. These processes were investigated here using parasite surveys and literature review on seven non-native freshwater fishes introduced into England and Wales. Comparison of the mean numbers of parasite species and genera per population for each fish species England and Wales with their native ranges revealed\9 % of the native parasite fauna were present in their populations in England and Wales. There was no evidence suggesting these introduced parasites had spilled over into sympatric native fishes. The non-native fishes did acquire parasites following their introduction, providing potential for parasite spill-back to sympatric fishes, and resulted in non-significant differences in overall mean numbers of parasites per populations between the two ranges. Through this acquisition, the non-native fishes also had mean numbers of parasite species and genera per population that were not significantly different to sympatric native fishes. Thus, the non-native fishes in England and Wales showed evidence of enemy release, acquired new parasites following introduction providing potential for spill-back, but showed no evidence of parasite spill-over.
Introduction
Introductions of non-native species raise concerns over the impacts they can have on native biodiversity, including predation pressure, increased competition and disruptions to ecosystem functioning (Hulme et al. 2009; Pysek et al. 2010) . When free-living species are introduced then their parasite fauna can also be introduced (Williams et al. 2013) . These parasites then potentially spill-over into native species, with the potential that resistance and tolerance of these new hosts to infection will be low (Torchin et al. 2003; Kelly et al. 2009 ). Both lethal and sub-lethal host consequences might be incurred, with the latter including pathological, physiological, and/or behavioural changes, with likely adverse consequences for growth, survival, and fitness (Tompkins et al. 2001; Hewlett et al. 2009; Britton 2013) . Notwithstanding, the introduction process might filter out many of these parasites through, for example, only a small sub-set of free-living individuals of low parasite diversity being removed from the native range and/or their parasites having high host specificity, with these hosts absent in the new range (Torchin et al. 2003) . Of those parasites that are introduced, their consequences for the receiving ecosystem will vary according to factors including the complexity of their lifecycle, their ability to spillover to native species, and the extent of the natural resistance and resilience to infection in these new hosts (Kelly et al. 2009) .
Interactions between introduced species and parasites have raised a number of hypotheses in invasion biology. The 'Enemy Release Hypothesis' predicts that the parasite loss experienced by non-native species will enhance their ability to establish and invade (Keane and Crawley 2002; Mitchell and Power 2003; Hatcher and Dunn 2011) . Torchin and Mitchell (2004) suggested that when a species is introduced, it escapes at least 75 % of their parasites from their native range and thus will gain substantial benefits regarding their fitness and survival in the invasive range (Torchin et al. 2003) . The enemy release hypothesis has been used as the basis to explain the invasion success of a diverse range of species, including non-native slugs (Ross et al. 2010) , mosquitoes (Aliabadi and Juliano 2002) and frogs (Marr et al. 2008) . In fish, for two introduced fish species (Apollonia melanostoma and Proterorhinus semilunaris) in the North American Great Lakes, parasite diversity in both species was considerably lower than their native range, despite them also being present for approximately 100 years (Kvach and Stephien 2008) . Many relevant studies have focused on invasive plants that show enemy release processes (e.g. Keane and Crawley 2002; Mitchell and Power 2003; Liu and Stiling 2006) , but support is also present in other taxa, including fish (e.g. Poulin and Mouillot 2003) . The 'Parasite spill-over' (PSO) hypothesis suggests that those parasites that have been introduced might now 'spill-over' to native species (Prenter et al. 2004; Kelly et al. 2009; Britton 2013) . This is a concern as the lack of co-evolution between the parasite and its new host potentially results in low resistance and resilience to infection (Taraschewski 2006) . In addition, some native parasites might be transmitted from the native species to the non-native species; if the non-native species is a competent host that acts a reservoir of infection, it can result in parasite spillback (PSB) to native species, increasing their disease impacts at individual and population levels (Kelly et al. 2009 ).
An issue with these hypotheses in non-plant taxa relates to the lack of empirical data available for the parasite fauna of many introduced species. Consequently, the aim here was to use these hypotheses as the basis for investigating the parasite fauna of nonnative freshwater fish and the native freshwater fish communities in which they reside. The rationale for using freshwaters was that drainage basins tend to act as biogeographic islands and thus present obstacles to natural fish migration (and so barriers to their parasites also) between basins (Gozlan et al. 2010a, b) . The study area was England and Wales, hereafter referred to as the ''introduced range''. The study objectives were to: (1) compare the diversity and characteristics (internal/external attachment; specialist/generalist) of the parasite fauna of non-native fishes between freshwaters in the introduced range and their native ranges; and (2) assess the diversity and characteristics of parasites in non-native fish populations in the introduced range and compare them to the diversity and characteristics of the parasites present in the native fish of the host communities. Specialist parasites were those where their literature suggested very high host specificity, whereas generalists were those of lower host specificity. These outputs were then discussed in relation to enemy release, parasite spillover and parasite spillback processes.
Methods

Non-native fish species
The non-native fish present in the introduced range that were used in the study were European catfish Silurus glanis, pumpkinseed Lepomis gibbosus, topmouth gudgeon Pseudorasbora parva, sunbleak Leucaspius delineatus, black bullhead Ameiurus melas, bitterling Rhodeus amarus and fathead minnow Pimephlaes promelas. The justification for their use was that data on their parasite fauna were available for at least one population and these species are not used in aquaculture in England and Wales and so any fish present in the wild were unlikely to have been previously exposed to any anti-parasite treatments (Table 1) . In general, their distributions in England and Wales are very restricted due to fish movement legislation and regulations; indeed, the A. melas and P. promelas populations used in the study were the only populations present in the countries and both have since been eradicated. By contrast, the following non-native fishes were omitted from the study to avoid confounding issues with their heavy use in aquaculture would have potentially exposed them to a range of anti-parasite treatments: common carp Cyprinus carpio, goldfish Carassius auratus, rainbow trout Oncorhynchus mykiss and ide Leuciscus idus. Indeed, should any of these species be sampled in the wild in England and Wales then there is high probability they originated from a fish-farm as there are, for example, few naturally recruiting populations of C. carpio and O. mykiss present (Fausch 2007; Britton et al. 2010) . In addition, the regulations on their releases into the wild in the countries are comparatively light compared with the species included in this study, with regulations concerning C. carpio and O. mykiss broadly similar to some native fishes.
Data collection
The data on the parasite fauna of the selected nonnative fish were collated from two sources. Firstly, data on the parasite fauna of the non-native fish in Table 1 Number of studies, and species and genera of parasites recorded in the native range of the non-native fishes, the number of these native parasites recorded in the 'Introduced' range (England and Wales), and the characteristics of these parasite species in both ranges (site of attachment and host specificity) Mitchell et al. (1982) ; 47 Samuel et al. (1976); 48 Merrit and Pratt (1964) ; 49 Voth and Larson (1968) freshwaters in the introduced range were collated from parasite surveys completed by the Environment Agency between 2005 and 2013 as part of their routine monitoring of wild fish populations for the presence of non-native species, parasites and diseases. With the exception of R. amarus from the River Great Ouse in Eastern England, the waters were all lentic sites located in lowland areas below 200 m altitude; their precise locations cannot be revealed due to business confidentiality reasons. The predominance of lentic sites in the study is because the study species are rarely recorded in rivers in England and Wales. After the populations were sampled by either seine netting or fish traps (method dependent on the species and habitat being sampled), the captured fish were removed from the gears, identified to species level and the non-native fish removed and transported alive to the laboratory. At the same time, samples of any native fish captured were also taken to the laboratory with the maximum sample size taken of a total of 30 native fishes in total. For this study, data were only included where the minimum sample sizes per native fish species was 10 individuals. Once at the laboratory, the fish were euthanized through an anaesthetic overdose (benzocaine solution 5 % w/v) and a detailed post-mortem conducted for the detection of non-native parasites, adapted from Hoole et al. (2001) . Skin scrapes and internal organs were examined with aid of low and high power microscopy to enable parasite identification. Note that the data recorded in these surveys was the presence of the parasites, but not their prevalence (proportion of fish per species infected with that parasite) or parasite abundance (number or weight of parasites per fish). As such, no data were tested on parasite prevalence or abundance in subsequent analyses. Secondly, data on the parasite fauna of the nonnative fishes in their native ranges, and supplementary data for the fishes in the introduced range, were collated from literature using searches completed in Web of Science, and supplemented by Google Scholar, using Boolean logic search terms including the host fish species and terms including all of their hosts countries (taken from www.Fishbase.org), 'parasite', 'pathogen', 'native', 'fauna', 'health check' and combinations of these. Data collated from the available papers were lists of parasites hosted by each fish species; in the majority of cases, data were not available on parasite prevalence or abundance and so are not presented here. Also, in a minority of the parasite recordings, the parasite genus was provided but not the species (e.g. Diplostomum sp.). As such, some subsequent analyses used counts of parasite number based on both species and genera; where species were used, the assumption was used that these recordings represented one species. Also, given that mxyosporidia are seldom reported in studies, their data were removed from the data set entirely to standardise the datasets for both ranges. At the conclusion of the data collection from both the laboratory work and literature reviews, further reviews were then completed for each parasite species to determine their site of attachment (i.e. whether they were internal or external parasites) and host specificity (generalist/ specialist).
Data analyses Luque and Poulin (2007) outlined that host sample size is often an important correlate of detected parasite species richness and so the effect of study effort should be controlled in parasite richness studies to eliminate spurious sampling effects. Consequently, our data were initially tested for the relationship between study effort and parasite number (species and genera), and where this was significant then the data were corrected by dividing the number of parasite species (and genera) in each range by the number of studies or populations used to collate these data.
To compare parasite diversity between the ranges, and between the non-native fish and sympatric native fish in waters in the introduced range, the methodology was based on linear regression. To compare parasite diversity between the ranges, the first test compared the mean number of parasite species and genera per population for the non-native fishes in their native range versus the number of these parasite species and genera detected in their populations in the introduced range. The gradient of the regression line (b) that described the relationship of the mean parasite species/genera per population between the ranges tested the null hypothesis that there were equal numbers of the parasite species/genera per population in both ranges. The null hypothesis was rejected when b was significantly different to 1.0 and vice versa, based on its 95 % confidence limits (Keith et al. 2009 ). The regression output also indicated if the gradient of b was significantly different to zero. To then compare the mean number of parasites per population between both ranges, irrespective of parasite origin, the same test was used, except the data for the introduced range used the mean number of all parasite species and genera recorded per population and fish species.
The numbers of parasite species in the non-native fish and their sympatric native fish species within the invaded fish communities of the introduced range were tested using the same methodology as described. The null hypothesis was the sympatric native and nonnative fish species had equal numbers of parasites per population. In this test, genus data were not included as the species level data were largely complete. The values for the native fish were calculated for the community and as such were corrected for higher number of native fish species present versus one nonnative fish species.
To compare differences in the parasite characteristics between the ranges, the species level data were used only, as the genera data were not appropriate for identifying differences in host specificity and site of attachment. For each of the three datasets described above, the mean numbers of internal, external, specialist and generalist parasite species per population were tested between the ranges and groups using Mann-Whitney U tests, as transformation did not normalise the data. All statistics were completed in SPSS v. 21.
Results
The number of parasite species and genera present in the non-native fish in their native range that were also present in these fish species in the introduced range was low, with only 8.5 % of the native parasite species recorded in both ranges (Table 1) . The relationship between the number of parasite species/genera and study effort was significant (species: R 2 = 0.52, F 1,12 = 12.79, P \ 0.01; genera: R 2 = 0.53, F 1,12 = 13.41, P \ 0.01; Table 1 ). Comparing the mean number of native parasite species and genera per population between the ranges using linear regression revealed that the gradient of both regression lines were not significantly different to zero (species: b = 0.22, P = 0.27; genera: b = 0.26, P = 0.36; Fig. 1a ) but were significantly different to 1.0 (species: 95 % confidence intervals: -0.24 to 0.67; genera: 95 % confidence intervals -0.40 to 0.91; Fig. 1a ), rejecting the null hypothesis. There was a significant difference in the mean number of specialist parasite species per population between the ranges (Mann-Whitney U Test: Z = -2.86, P \ 0.01), but not in the mean numbers of internal, external and generalist parasite species per population (Mann-Whitney: P [ 0.05 in all cases). Of these parasites recorded in the introduced range, the following were new additions to the British freshwater fish parasite fauna (Kirk 2004): Thaparocleidus vistulensis and Ergasilus sieboldi in S. glanis , Onchoceleidus dispar from L. gibbosus (Hockley et al. 2011) and Ancyrocephalus pricei from A. melas. The cestode parasite Proteocephalus ocellatus was also detected in the intestinal tract of S. glanis; although it has previously been recorded in imported fish on an aquaculture site, it was thought to have been eradicated (Andrews and Chubb 1984) . Its detection here suggests it might actually have established in England and Wales.
When all the parasite species and genera (irrespective of their origin) that were recorded in the nonnative fishes in both ranges were tested against study effort, the relationships were also significant (species: R 2 = 0.47, F 1,12 = 10.53, P \ 0.01; genera: R 2 = 0.46, F 1,12 = 10.56, P \ 0.01; Table 2 ). In these data, L. delineatus were an extreme outlier due to their high number of parasites per population in the introduced range (6.0; Table 2 ). Comparing the mean number of parasite species and genera per population between the ranges using linear regression revealed that with L. delineatus omitted as an outlier the gradients of the regression lines were not significantly different to zero (species: b = 0.21, P = 0.34; genera: (b = 0.57, P = 0.19) or 1.0 (species: 95 % confidence intervals: -0.81 to 1.22; genera: 95 % confidence intervals -0.45 to 1.60; Fig. 1b) , with this also the case for both regression lines with L. delineatus included (P [ 0.05). Thus, the null hypothesis was not rejected. There were no significant differences in the mean number of internal, external, specialist or generalist parasites per population between the ranges (Mann-Whitney U Test, P [ 0.05 in all cases).
In waters in the introduced range where the nonnative fish were present, the numbers of parasite species were compared between the non-native and sympatric native fishes (Table 3 ). For L. delineatus and P. promelas, there were no comparative data for sympatric fish and so were omitted from the data. The relationship between population number and parasite number was significant (R 2 = 0.51, F 1,8 = 8.35; P = 0.02) and comparing the mean number of parasite Parasites of non-native freshwater fishes 2239 species per population between the native and nonnative fishes using linear regression revealed that the gradient of the regression line was not significantly different to zero (b = 0.51, P = 0.51) and 1.0 (95 % confidence intervals: -2.56 to 3.58) (Fig. 2) , thus the null hypothesis was not rejected. There were also no significant differences in the number of internal, external and generalist parasites between the groups (Mann-Whitney U Test, P [ 0.05 in all cases). Too few specialist parasites were present in data to warrant their testing.
Discussion
The study outputs suggested when the non-native fishes were introduced into England Wales, they had undergone aspects of enemy release as only 8.5 % of their native parasite fauna remained. Of those that had been introduced with the fish, the majority most were members of the Monogenea class of parasites. The relatively high host specificity of these parasites has so far limited disease risks to native fish populations (e.g. Hockley et al. 2011; Reading et al. 2011 ). However, examples of serious disease outbreaks following the translocation of monogenean parasites, such as Gyrodactylus salaris (Bauer et al. 2002; Bakke et al. 2007) , highlights the importance of continued monitoring and prompt risk assessment to inform management (Williams et al. 2013 ). There was no evidence that parasite spillover had occurred in any of the studied fish communities in the introduced range, with no recordings of the introduced parasites in the sympatric native fishes. Whilst there were seven parasites recorded in both the non-native fish and sympatric native fish communities, these were all generalist parasites native to England and Wales that had been acquired by the non-native fish. This does indicate that there was potentially some biotic resistance against these fishes (Mitchell and Power 2003) . In the absence of parasite prevalence and abundance data, however, it could not be assessed whether these infections were likely to be having sufficient sub-lethal consequences in the non-native fish to prevent their long-term survival and establishment.
In general, the loss of their natural parasite fauna is often used as an explanatory variable in the invasion success of many non-native species (e.g. MacLeod et al. 2010; Mitchell and Power 2003; Ross et al. 2010) . Table 1 versus the mean number of these native parasites recorded per population in the introduced range, and their relationships according to linear regression (species: R 2 = 0.23, F 1,5 = 1.50, P [ 0.05); genus: R 2 = 0.16, F 1,5 = 1.01, P [ 0.05). b Comparison of the mean number of parasites per population in the native range of the non-native fish in Table 1 versus their mean number of parasites recorded per population in the introduced range, and their relationships according to linear regression (species: R 2 = 0.08, F 1,4 = 0.33, P [ 0.05); genus: R 2 = 0.38, F 1,4 = 2.45, P [ 0.05). Open circles are species data, filled circles are genus data, solid lines represent fitted relationships (linear regression) for the species level data and the dotted line for genus level data, and dashed lines represent the null hypothesis that there are equal numbers of parasites per population between the native ranges and the introduced range Table 2 Number of studies, and species and genera of parasites recorded in the non-native fishes in their native range, the total number of parasites recorded in these fishes in England Wales ('Introduced'), and the characteristics of the parasite species (site of attachment and host specificity) In evaluating enemy release, it is important to understand why reductions in parasite fauna are occurring and why some parasites do manage to survive the introduction process. Here, some (but not all) of the parasites that survived the introduction process into England and Wales were monogenean parasites with direct lifecycles with no intermediate hosts (JimenezGarcia et al. 2001) . The persistence of these parasites in the introduced range was likely to have been assisted by their simple lifecycle, providing there were sufficient numbers of hosts available. Indeed, MacLoed et al. (2010) concluded that life cycle complexity and transmission efficiency were the more likely causes of introduced parasites failing to establish in the new range rather than the parasites being lost during the introduction process. Nevertheless, there are a number of studies that do not support the ERH (e.g. Ramalho et al. 2009; Lacardo et al. 2013; Poulin and Mouillot 2003) . For example, Lacerda et al. (2013) suggested that as important as the number and diversity of parasites being present in the non-native species are the effects of the parasites on the hosts, with parasite prevalence and abundance often being greater in the introduced range. As this aspect could not be assessed here due to the absence of data on parasite prevalence and abundance, it is an aspect of the parasite fauna of non-native fish in England and Wales that should be studied subsequently.
Comparisons between the parasite fauna of the native and non-native fish in the study provided no evidence of PSO, perhaps due to the low number of introduced parasites generally that made this an unlikely process. Nevertheless, other studies suggest it remains an important process due to the potential for damaging outcomes occurring in infected native hosts (e.g. Taraschewski 2006; Prenter et al. 2004; Liu and Stiling 2006) . In some cases, spill-over occurs at relatively high levels, as the majority of introduced parasites spill over into native hosts (Jimenez-Garcia 2001), such as the helminth parasite fauna from the non-native lizard, Tupinambis merianae, into the native reptile fauna (Ramalho et al. 2009 ). By contrast, there was greater evidence in our study of native parasites infecting the non-native fishes and this process is generally well reported (e.g. JimenezGarcia 2001; Krakau et al. 2006) . For example, the two salmonid fish species Oncorhynchus mykiss and Salmo trutta accumulate parasite communities in their introduced ranges at similar abundances to their host range, negating any beneficial consequences they might have gained from enemy release (Poulin and Mouillot 2003) . In our study, the acquired parasites resulted in similar mean parasite numbers per population in England and Wales as the native range of the fishes. These mean number of parasite species per population were also not significantly different to those in the sympatric fishes present in the invaded communities of England and Wales. Some caution in these conclusions is warranted due to the relatively low numbers of populations that could be studied in England and Wales that limited the power of statistical tests. The observed patterns in the data, however, were also very supportive of these conclusions and so they have validity.
The importance of parasite dynamics in the establishment and invasion processes of non-native species is through the advantages provided to those species in terms of their traits and fitness when their parasite fauna is reduced (Torchin et al. 2003) . It can enable increased resource allocation for somatic growth and reproduction, and increase immune responses to infections of native parasites (Joshi and Vrieling . In combination, these serve to increase the probability of the establishment and invasion, thus subsequently altering interactions in the host fish community (Keane and Crawley 2002) . Whilst fish introductions in England Wales are routinely screened for certain 'notifiable' diseases before release (at least where introduction is intentional and approved; Davies et al. 2013) , there is arguably a requirement for increased parasite screening for introductions of non-native fish. However, with differing legislative, economic and political drivers, managing the introduction and spread of non-native pathogens represents a complex global challenge (Williams et al. 2013 ). Although we found few examples of non-native fish pathogens being imported directly on seven nonnative fishes, Phillips et al. (2010) found that, whilst initially an invasive species may experience parasite release, those that do remain-even in low abundance-might re-establish, having consequences on both the non-native host and the wider fish community. Moreover, the detection tools used in screening are important. Here, we considered only those parasites that could be detected through routine health screening which included low and high-power microscopy (Hoole et al. 2001 ). However, these are unlikely to detect intra-cellular pathogens such as Sphaerothecum destruens that is hosted by P. parva . This pathogen has proved difficult to detect in wild populations, due to its size and the absence of disease or gross tissue damage, but is now increasingly being detected as molecular methodologies improve, with this resulting in the recent detection of its presence and distribution in countries such as the Netherlands (Spikmans et al. 2013) . This is important, given that this pathogen is associated with potentially substantial mortality rates in salmonid and cyprinid fishes (Andreou et al. 2012 ). In addition, it suggests that whilst the recorded numbers of non-native parasites were low in this study, with negligible spill-over, this might not cover all pathogens being hosted by the non-native fishes. Others might have been introduced but were not detected using the methodologies employed.
In summary, it was revealed that the introduction of these seven non-native fishes in England and Wales was not concomitant with the introduction of a high diversity of non-native parasites. Whilst there was some evidence of native parasites infecting these nonnative fishes (and so, potentially, leading to parasite spill-back), there was negligible evidence of parasite spill-over from the non-native to the native fishes. Whilst some caution is needed on this given the case study of S. destruens in P. parva, overall it suggests that enemy release could provide some partial explanations for the survival and establishment success of some non-native fishes in England and Wales.
